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Fallen  Leaf  Lake,  May  10-14,  1987] 

Abstract.  The  discovery  of  680-million  year  old  varves  by  George  Williams  in  South 
Australhi?  recording  several  millennia  of  fossil  soIm  cycles,  is  a  most  exciting  development 
that  is  bound  to  make  an  impact  on  solar  physics.  Already  new  problems  of  pliysical  un¬ 
derstanding  have  been  posed  by  the  the  3 15- year  Elatina  cycle  and  the  separate  350-year 
cycle,  or  undulation  (Williams,  1985,  1986,  Williams  and  Sonett,  1985). ^The  Elatina  cycle 
evidences  itself  multiplicatively  in  the  form  of  amplitude  modulation  with  a  distinctive  nonsi- 
nusoidal  envelope,  while  the  undulation  component  is  additive  and  quasisinusoidal  (Bracewell 
and  Williams,  1986);  Both  of  these  periodic  phenomena  are  present  in  historical  records  of 
sunspots,  but  would  not  have  been  discerned  from  modern  solar  observations,  which  do  not 
date  back  far  enough.  The  explanation  of  two  such  sharply  defined  periods,  in  addition 
to  the  less  sharply  defined  22-year  magnetic  cycle,  will  require  an  understanding  of  solar 
physics  that  we  do  not  yet  have.  Examples  of  the  impact  that  the  varve  discovery  is  begin¬ 
ning  to  make  are  given,  and  a  previously  proposed  mechanism  for  driving  the  activity  cycle 
is  extended  in  terms  of  a  magnetic  wave  propagated  radially  outward  from  a  deep  torsional 
oscillator. 

1.  Stability  of  the  Magnetic  Cycle 


The  point  of  view  |)rovided  by  the  varv<‘s  has  Ix-eii  a  stimulus  for  some  new  discoveries 
of  a  pliysical  kind.  It  has  been  accejited  that  the  duration  of  the  solar  semicych'  ranged 
from  8  to  17  years  averaging  II  I  ±!..5.5  years  for  the  period  IGll  to  1970;  the  ratio  of 
the  mean  period  /’  to  the  standard  deviation  A7’  was  7.2.  'I'his  poor  frecpiency  stability 
siiggestc'd  relaxation  oscillations  or  damped  resonance's  rather  than  quasi-monochromalic 
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circumstances.  Now  aji  additive  undulation  lengthens  and  shortens  the  interval  from  one 
sunspot  minimum  to  the  next  in  a  calculable  way  and  so  the  semicycle  duration  may  be 
compensated.  A  simple  way  to  do  this  is  to  work  with  the  interval  from  one  minimum  to 
the  next  but  one.  We  then  see  that  the  22-year  magnetic  cycle  has  a  standard  deviation  of 
only  2.1  years;  thus  the  duration  of  the  solar  cycle  is  intrinsically  much  more  stable  than  was 
thought  (Bracewell,  1985,  Bracewell  and  Williams,  1986).  This  conclusion,  which  is  shown 
strikingly  in  Fig.  1,  is  in  harmony  with  a  statistical  analysis  by  Dicke  (1978)  who  argues 
against  a  random  walk  in  the  phase  of  the  sunspot  cycle. 

•  Fig.  1.  Histograms  for  the  duration  of  (a)  sunspot  semicyclcs,  AT’/T  =  7.2,  (b)  sunspot 
magnetic  cycles,  AT/T  =  11.5,  (c)  varve  semicycles  ATfT  =  6.8,  (d)  varve  magnetic  cycles 
ATfT  =  11.6  (from  Bracewell  and  Williams,  1986). 

2.  The  Third  Harmonic 

Harmonic  analysis  of  the  alternating  sunspot  number  series  I{±{t)  (Bracewell,  1953)  has 
revealed  that  what  appeared  to  be  a  third  harmonic  (Cole,  1973)  of  the  22-year  fundamental 
is  present  also  in  the  varves;  but  this  perturbation  is  not  really  a  harmonic  at  all,  since  it  i.s 
not  periodic.  It  is  better  understood  as  resulting  from  a  three-halves  nonlinear  dependence 
of  I{±(t)  on  an  inferred  ciuasi-sinusoidal  underlying  influence  /?nn(0-  ^  he  perturbation  has 
the  effect  of  sharpening  the  semicycle  shape  in  accordance  with  a  nonlinear  relation 

/?=  100|/?,.„/83|"/^gn(/fn„) 

(Brac('well,  1987)  introducing  an  inflr.xion  into  the  crossover  between  one  semicycle  and  the 
next.  The  nature  of  this  effect  is  illustrated  in  Fig.  3.  which  adopts  the  idea  (Braccnvell,  1953) 
of  treating  the  sunspot  number  in  odd  semicycles  as  iH'gative.  ()n<-  period  of  a  sinusoid  is 
shown  in  the  presence  of  a  negative  offset,  such  cus  existed  around  1910  and  produced  sunspot 
maxima  alternating  between  high  and  low  (zig-zag  effect).  I'iie  second  semicycle,  which  is 
both  strengthened  and  lengthened,  i.s  sharpened  by  the  nonliiu'arity,  while  the  preceding 
semicycle  is  made  blunt.  .'Mthough  f  he  semicycle  dural  ions  ,\B  and  B(’  have  Ix'en  rendered 
unequal,  the  duration  AT  of  the  magnetic  cycle  is  not  nmch  changed  from  the  period  A'C' 
of  the  initial  sinusoid. 

•  Fig.  2.  riie  sunspot  number  R±{1)  is  (h-rivabie  through  a  tince  halves  power  law  from  an 
underlying  tiuasi-sinusoidal  variation 

I  he  K'inoval  of  artifacts  due  to  nonlin<*arity  w'ill  simplify  subserpn'iil  phvsit  al  intfu  prr't  a- 
ti<jn.  .Sunspot  area,  wide))  has  been  r<*garde<l  as  more  sigiuficant  than  sunspot  number,  has 
been  found  to  require  a  slightly  stronger  correction  f(»r  noidinearity. 

•  Fig.  3.  A  sinusoid  (  )  in  the  presence  of  negative'  offset  (- . )  ;is  afh'cled  by 

nonlinearity  gives  rise  to  the  heavy  curve,  which  exhibits  inflexions  at  the  zero  crossing  and  is 
sharpened  if  strong. 


3.  Mechanisms  for  Solar  Activity 

It  is  a  matter  of  vigorous  discussion  whether  the  surface  manifestations  of  the  solar  cycle 
are  underlain  by  zonal  vortices  (Bjerknes,  1926),  toroidal  fields  (Babcock,  1961),  azimuthal 
rolls  (Ribes  et  al,  1985,  Wilson,  1987a),  or  by  some  other  cause  (Wilson,  1987b).  The 
prime  mover  for  these  fluid  dynamic  features  is  variously  taken  as  the  differential  rotation, 
or  convection,  or  is  left  underspecified,  as  with  models  invoking  simultaneous  initiation  in 
opposite  polar  regions.  Existing  theories  may  also  be  categorized  as  to  the  phenomenon 
causing  the  observed  quasi-periodicity.  Yule’s  (1927)  model  was  a  resonator  excited  by 
random  excitation;  it  failed,  but  largely  because  of  the  constraint  forcing  alternate  extrema 
to  be  equal.  It  could  be  revived  with  reference  to  the  alternating  sunspot  number  concept 
R±  and  in  effect  has  been  in  Dicke’s  analysis  of  phase  behavior.  Babcock’s  model  is  in  the 
category  of  a  relaxation  oscillator,  where  the  period  is  set,  not  by  a  resonator,  but  by  a 
relaxation  process.  The  period  of  Wilson’s  convective  rolls,  whose  power  comes  in  part  from 
dynamo  action,  is  set  by  the  time  taken  for  the  dynamo  wave  to  reach  the  equator. 

A  different  kind  of  scenario  was  introduced  by  Walen  (1949)  and  later  entertained  by 
Richardson  and  Schwarzschild  (1949),  Menzel  (1959),  Dicke  (1970),  LaBonte  (1986)  and  in 
my  own  papers.  Only  partial  developments  of  the  idea  have  been  given;  the  common  thread 
is  that  zonal  magnetic  fields  originate  at  a  level  below  the  convective  layer,  rather  than  in  it. 

4.  Two  Correlations  Requiring  Explanation 
A  submerged  central  source  is  of  particular  interest  to  me  because  it  seems  to  offer  a  way 
of  explaining  the  correlation  between  phase  and  amplitude  (Dicke,  1!)78).  I'liis  correlation 
was  strongly  reconfirmed  by  Hilbert  transform  analysis  (Bracewell,  1985)  which  yielded 

Adj'lrr  =  0.001S/‘’(<)  4-  const 

for  the  relation  Ix'tween  instantaneous  enveio|)e  L'{t)  and  instantaiu'ous  phase  (h'parture  Acs 
The  central  .source  proposal  also  offers  a  possible  l)o|)pler  shift  mechanism  (Bracewell. 
1985)  for  a  negative  correlation  discovered  by  Waldmeier  (1935).  In  terms  of  the  instanta 
neons  envelope  /•,’(/)  we  find 

At  =  ~0mMC(t)  4-  const 

for  the  variation  At  in  cycle  length.  .A  rea.sonably  good  n'trodict ion  of  the  sunspot  number 
series  can  be  constructed  taking  into  account  the  connec  tion  Ix'twei n  cycle  length  and  eii- 
vehjpe,  and  the  two  kinds  of  secular  cycle  known  from  the  varves  (Bracewell.  I'tSti).  Here  is 
the  tentative  working  model  lying  Ix’hind  my  view  of  tlx*  solar  cycle. 

5.  Torsional  Oscillator  as  Magnetic  Wave  Source 
Dec'p  in  the  sun.  picture  a  flywheel  whose-  cent<-r  and  axis  coinciile.  ix-rhap''  oiilv  ajtjnox 
imately.  with  the  mass  center  and  axis  of  angular  momentum  of  the  sun.  The  Ilywheel  is  like 
the  [x-ndiilum  ol  a  chxk  and  executes  torsional  vibrations  whose-  period  is  set,  at  the  sl.dih- 
amplitude-  ejf  motion,  by  the-  rotatiernal  kine-tie-  <-ne-rgy  e)f  the-  flywlie-el  ami  by  tin-  potent i.d 
e-m-rg\’  ul  magix-tic  field  line-s  .strete4ie-el  by  the-  rertational  motion.  I  In-  ilimiiisions  of  t  he 
llywhe-e-1  are-  iieit  knejwn  nejr  is  the-  stre-ngth  eef  the-  magne-tie'  liehl.  but  tin-  eni'i'j\-  di\i'rted 
Ireun  the-  nm  lear  e-m-igy  source-  in  the-  stirre-d  eexe-  inte)  reelatieenal  kitie-tie  e-neiuy  ol  ilu-  lly 
whe-e-l  balance-s  the-  elamping  by  viscersity  aixl  wave- raeliat ieeii.  In  e)tlie-r  weerds  the-ie-  is  a  e  loe  k 
ee)mprising  an  e-ne-igv  source-,  a  re-sexiateir.  anel  a  nexiline-ar  elaitipitig  tne'e  li.uiism  th.it  L!<<\<  tiis 
tl.e  am[dituel(-.  I  he-  physical  cexielil ions  must  be-  compatible-  with  st.ilele-  running  of  the  e  lock 
since-  I’re-e  ambrian  time-s  at  the-  late-st.  I’lie-  notion  of  a  ele-e-|>-se-ated  c  hronome  ter  e  ome-s  from 
Dic  ke-  ( 1!)7S). 
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Now  imagine  a  wave,  whose  features  are  not  yet  known  except  that  it  possesses  an 
cizimuthal  magnetic  field  with  an  equatorial  nodal  plane,  being  launched  upward  into  the 
two  hemispheres,  the  wave  radiation  to  the  north  being  in  antiphcise  with  that  to  the  south. 
At  intervals  of  1 1  years,  zonal  magnetic  fields  arrive  at  the  base  of  the  convection  zone  where 
events  leading  to  observable  surface  phenomena  play  themselves  out,  perhaps  in  much  the 
same  way  as  in  other  current  working  models. 

Many  questions  can  be  asked  about  details  of  the  wave  source  and  the  wave  propagation 
that  cannot  at  present  be  answered.  Nevertheless  it  is  customary  to  work  with  incomplete 
m<'dels  of  this  type  with  a  view  to  seeing  how  consistent  they  are  with  observed  phenomena. 
.  '  theory  of  continental  drift  is  an  example  of  an  incomplete  picture  that  was  widely 
adopted  as  a  working  hypothesis  even  while  basic  details  such  as  the  mechanism  that  drives 
the  drift,  and  the  energy  source,  remained  uncertain. 

What  observed  effects  does  the  magnetic  wave  picture  have  a  bearing  on.^  One  is  the 
semicycle  shape,  which  can  l>e  accountf'd  for  rather  simply  by  buoyancy  forces  (Parker  1979) 
accelerating  the  wave  crests  and  trougiis  relative  to  the  wave  nodes  ( Bracewell,  19So,  1987). In 
F'  ig.  .'3  no  provision  was  made  for  semi<  ycle  a.symmetry.  The  wave  model  described  here  iloes 
however  hav<*  the  capacity  to  f'xplain  tin*  <‘arlv  occurrence  of  sunspot  maximum  in  strong 
semicycles  as  a  consequence  of  magnetic  buoyancy.  .lust  as  a  sound  wave  is  steepeiu-d  on 
the  leading  slope  because  the  denser  crest  travels  fast(‘r.  so  magnetic  buoyancy  causes  the 
early  arri\'al  of  the  wave  antinomies  ndative  to  the  nodes.  It  Ix'came  i)ossil)le  to  carry  out 
the  applicable  buoyancy  corrm-clion  after  the  discovery  of  the  three-halves  law.  presmuil  both 
in  the  varves  and  sunspot  numbm'is,  allowed  this  obscuring  nonlinear  elfect  to  be  remov<-d. 
It  was  found  that  semicycle  shap<-s  could  be  matched  simply  in  terms  of  maximum  sunspot 
numlx'r  as  the  controlling  parameter  (Bracewell.  I9,S7).  I'liis  is  an  attractive  f(>ature  of  a 
model  with  radial  wave  propagation  from  a  deep  torsional  oscillator.  It  is  not  to  be  confused 
with  an  a[)p<'al  to  biioyanmy  ma<i<'  l>y  ( J!>7.S)  in  <'<>nn<'rli(ni  with  tlie  j)))a.se-an)plil  ude 

correlation. 

1  Ik-  observed  c(;rrelation  between  amplitude  and  semicycle  ptuiod  not<“d  by  Waldmi'ier 
(19d.7)  is  attributable  (Bracewm-ll.  19S.'))  to  t  lu-  Doppler  elfect  of  a  time-varying  ray-|)ath 
length  (the  kind  of  fr<'(piency  shift  that  .irises  with  statiotiary  sound  sourci'  and  detem  tor  in  tlu' 
preseiK  <•  of  a  convect  ing  medium ).  Since  t  he  discovery  of  t  he  varves.  it  has  liecome  neci'ssarv 
to  allow  lor  mechanisms  i  apable  of  producing  both  the  rather  sinusoidal  .{.nO  year  undulation 
and  the  mor<'  complex,  doulih'  humpi'd  d bn  year  Ivlalina  cvcie.  A  natural  resonance  of  the 
wave  jiropagation  structure  has  been  sugg<’st<‘(l  fur  the  d-nl)  year  period  (Bracewell,  1!IN.'));  the 
second  (ould  conceivably  arise  in  the  presumed  flywheel,  whic  h  in  general  might  be  exfiectecl 
to  prc’cess  and  nutate,  perlnips  uu'lei'  iiillueiices  ini-cliatecl  1)\-  the  lilt  of  the  solar  axis  with 
res[>e(  t  to  t  lie  eclipt  ic. 

Phase  staliility  of  the  clock  might  be  ipnte  Imdi  whih'  at  the  -'ame  time  the-  surl.ice 
manifestation  miglit  wainler  in  jihasi-  beiuuse  <»!  propagation  elh  c  ts.  lemporar\  des\ii 
<  h  roni/at  loll  ol  the  t\vo  heiiiis])heres  i-,  peiiniHi'd  bv  piopagalion  inec|u.ihl  les  lioiii  a  cc  iitral 
(line  c'.  ill  an  amount  i  mi  i|).  liable  with  Ao.  But  ,m\  I  lieoi  \  w  heie  the  ,ii  i  i  \  it  \  of  ea<  h  i  \  i  le 
ollglliates  in  hll’liel  latiludes  ainl  |Uo!’|i-- -es  tow.ilcl  theei|Uator  --houlil  be  askeil  loexpl.illi 
h  >111’  I  e|  111  pll.ise  st  ,1  bllll  y.  wlllh'  idloWIII!’  '-h'lll  lellll  de'-\  111  1 1 1  <  >11 1  ,'.1 1  11  )|  I  ol  I  he  he|  I  US  pi  ie|  I's  . 

Dll  l.e  I  1 ' )  I  s  )  pi  (■  ,1  'Ul  (■(  1  .1  Inil  \  ^  IS  oi  1  hi  ■  pel  I  m  b.  1 1  loll  i  >1  1  i  ( 1 1  1  s  ]  d  ■  ii  pp(  >rl  m  g  the  puss] 
blht\  ol  a  loherellt  Olllce  ile.plle  ph.l -e  pel  I  Ul  b<lt  Ion-,  at  the  sinl.iie,  allll  m\  oWII  all,l)\s|s 
of  llistalllaiieous  pha -e  ovei  I  lie  whole  |ei  o|  ||  (Bl.uewell,  |'(s',|  a'Jiies  I  I  le  1 1  l.i  gl  ii 't  II  C  \  i  li ' 
for  \aiAes  has  ,iliead\'  been  foiiinl  to  exhibit  a  more  lompait  di-t  i  ilail  ion  ol  pin  mils  than 
the  seniH  \  I  le  does,  m  acreellieitl  with  I  lie  result  meni  lolieil  al)i)\  e  |i>l  siillspot  number 

(Bi  ('HT'Wi’ll  (IImI  W  lllliillis.  I'i'sli).  \\li<‘ii  till'  r.latiliti  I  \T  |r  1-^  lakf'ii  iiiln  |)Ii.»m‘ 
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analysis  of  the  varves  will  place  even  tighter  limits  on  the  instability  of  the  clock. 

6.  Conclusion 

Clearly  the  magnetic  wave  idea  is  incomplete  but  contains  some  interesting  possibilities 
and  is  compatible  with  the  observations  mentioned.  It  remains  to  sharpen  up  the  difficulties 
this  idea  must  overcome  and  to  entertain  it  tis  a  stajidard  against  which  to  compare  the 
successes  and  difficulties  of  the  convective  roll  and  surface  dynamo  theories  which  we  are 
also  struggling  to  develop  into  comprehensive  theories. 
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FIGURE  CAPTIONS 


Fig.l.  Histograms  for  the  duration  of  (a)  sunspot  semicycles,  ATfT  =  7.2,  (b)  sunspot 
magnetic  cycles,  AT/T  =  11.5,  (c)  varve  semicycles  ATfT  =  6.8,  (d)  varve  magnetic  cycles 
AT jT  =11.6  (from  Bracewell  and  Williams,  1986). 

Fig.  2.  The  sunspot  number  R±{t)  is  derivable  through  a  three-halves  power  law  from 
an  underlying  quasi-sinusoidal  variation  /2/i„  (t). 

Fig.  3.  A  sinusoid  ( - )  in  the  presence  of  negative  offset  ( . )  as  affected  by 

nonlinearity  gives  rise  to  the  heavy  curve,  which  exhibits  inflexions  at  the  zero  crossing  and 
is  sharpened  if  strong. 


